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Abstract
Head injuries are one of the most frequent injuries resulting from a motorcycle accident,
highlighting the importance of motorcycle helmets. The effect of repetitive minor impacts,
such as from drops or knocks, on the ability of a motorcycle helmet to absorb energy is
an area that has not been heavily researched in literature. Thus, the aim of this thesis is
to investigate the effects of these repetitive impacts on the ability of motorcycle helmet
materials to absorb impact energy. In addition, this thesis is aimed at evaluating the
appropriateness of material models and finite element techniques for the application of
simulating degradation of energy absorption of helmet materials. ABS plastic outer shells
and expanded polystyrene foam liners were selected as the materials to be investigated
due to their prevalence as motorcycle helmet materials.
Drop-weight impact testing was carried out on flat plates of ABS and expanded
polystyrene, these plates were impacted a total of 10 times each for 15J of impact en-
ergy. Two grades of expanded polystyrene were investigated, VH (28kg/m3) and VVH
(38kg/m3). Energy absorption behaviour was investigated thorough processing of force-
time data and impactor velocity. An FE model of the impact testing was created and the
results analysed and compared with experimental results. A calibration process was used
to calibrate the MAT057 material model used to simulate expanded polystyrene.
Analysis of the results of experimental impact testing indicated a degradation
of the energy absorption ability of the helmet materials due to repetitive minor impacts.
Degradation was observed to be significant for the first impact with a reduction of approx-
imately 14%-15% observed for all plates. Percentage absorption was observed to taper
off to a constant level after the first 2 impacts for all plates, with the VH liner plates
tapering off to an average percentage energy absorption of 35% while VVH liner plates
tapered off to an average of 28%.
Results from the created impact testing FE model showed good agreement with
the first three impacts of experimental impact testing for VH foam liner plates. Energy
absorption degradation was over predicted by the FE model after the third impact as
decreasing to an average of 17%. FE model simulations of VVH foam liner plates show
decreased accuracy due to unrealistic loading and unloading speeds.
Research into other material models is recommended to more realistically model
the energy absorption degradation of ABS and expanded polystyrene helmet materials. In
addition, full scale helmet impact testing is suggested as a future study to more accurately
determine the effects of minor impacts on energy absorption ability.
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Chapter 1
Introduction
This section orients the reader to the purpose and context of the investigation. A clear
project scope is defined as well as primary goals and project stages.
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1.1 Context and Motivation
Head injuries are one of the most frequent injuries resulting from motorcycle accidents
[34] highlighting the importance of adequate head protection. In the event of a crash,
a motorcycle helmet is designed to deform and absorb part of the impact energy, thus
reducing forces on the head. As the interior of the helmet undergoes permanent deforma-
tion during impact [16], a motorcycle helmet can be considered a one-use item and must
be replaced after a serious crash.
Single impact events on motorcycle helmets is a widely researched topic with stud-
ies completed both experimentally and theoretically on various helmet types. Nonetheless,
one area in the literature that is severely lacking is the effect of minor impacts from drops
or knocks on the ability of a motorcycle helmet to absorb impact energy. In the general
motorcycling community, the effects of these drops or knocks is also not common knowl-
edge. Manufacturers commonly recommend replacement of any helmet that has been
impacted, regardless if damage is visible or not, while motorcycle safety authorities such
as the Snell Memorial Foundation [37] only advise replacement if impact occurs while
wearing the helmet.
This thesis aims to quantify the effect of minor impacts on motorcycle helmet
materials ability to absorb impact energy through experimental testing and simulation.
It is hoped that research in this area may help to improve overall motorcycling safety.
1.2 Purpose
This thesis aims to investigate the effects of repetitive minor impacts on the ability of
motorcycle helmet materials, specifically acrylonitrile butadiene styrene (ABS) plastic
outer shells and expanded polystyrene (EPS) foam liners, to absorb impact energy. The
proposed approach to this investigation consists of three primary stages summarized here
and detailed in Section 1.4. The first stage is the experimental investigation of energy
absorption properties of helmet materials through the use of drop-weight impact testing
on ABS/EPS flat plates. The second stage consists of calibration of finite element (FE)
material models for implementation into a FE simulation of the experimental testing
carried out in the first stage. Finally, the third stage is the creation and validation of
a FE model of the previously carried out impact testing. The purpose of these project
stages is to accomplish the following objectives.
• To experimentally investigate the effect of minor impacts on the ability of ABS outer
shell and EPS foam liner materials to absorb impact energy through drop-weight
impact testing.
• To develop a FE simulation of experimental impact testing.
• To validate material model calibration methods and FE techniques used through
comparison of simulated and experimental results.
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• To evaluate the appropriateness of the created FE model and material models used
in simulating the degradation of energy absorption ability of helmet materials.
1.3 Scope and Relevance
There are a myriad of conditions that may have an effect on the energy absorption prop-
erties of a motorcycle helmet. As such, the scope of this thesis project is limited in order
to perform a thorough investigation into one aspect of this research area: the effect of
repetitive minor impacts on motorcycle helmet materials, specifically ABS and EPS foam,
on the ability to absorb impact energy. The following table summarizes aspects in the
research area that are out of the scope of this thesis.
Out of Scope Rationale
Helmet materials
excluding ABS and EPS
Although there are a wide range of helmet materials
available, this thesis aims focusses on ABS plastic outer
shells and EPS foam liners as these are the most common
helmet materials available.
Analysis of the effects
of repetitive minor
impacts on head
acceleration
This thesis focusses on investigating the energy absorption
properties of the helmet materials themselves and as such,
will not cover the effects on head acceleration.
Experimental
investigation of multiple
impact types
Experimental investigation carried out in this thesis
consisted of impact with a semi-hemispherical striker. As
such, other impact types such as impacts on flat surfaces or
oblique impacts are not investigated.
All densities and
thicknesses of materials
There are a wide range of helmet densities and thicknesses;
this thesis focusses on investigation into two foam liner
densities and one thickness.
1.4 Project Stages and Document Outline
The thesis project can be split up into three project stages, these are described as follows.
1. Experimental drop-weight impact testing - This stage consisted of performing drop
weight impact testing on flat plates of EPS foam liners with ABS outer shells. Three
plates were impacted: one with a VH grade (28kg/m3) EPS foam liner, and two
with a VVH grade (38kg/m3) EPS foam liners. The plates were impacted with 10,
5 and 10 impacts respectively.
2. Calibration of material models - Developing a FE model first required calibration of
the material models used in the simulation, as these model determine the simulated
behaviour of the materials. Mechanical testing was carried out on VH and VVH
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EPS foam to obtain mechanical properties. A calibration process was used to ensure
simulated material behaviour matched the mechanical testing carried out.
3. Creation of impact testing FE model - In this stage a FE simulation of the previously
carried out experimental impact testing was created and the calibrated material
models implemented. Comparison and analysis of FE and experimental results was
carried out. Also an evaluation of the material models and modelling techniques
used as performed.
4
Chapter 2
Literature Review
In this chapter, an outline of motorcycle helmet function and parts and a review of helmet
material behaviour is presented. Also, previous work in the area of simulation and testing
of repetitive motorcycle helmet impacts and effects on energy absorption is analysed and
discussed.
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2.1 Helmet Function
Motorcycle helmets reduce the chance of injury or death by limiting the amount of im-
pact energy transferred to the head. Figure 2.1 illustrates the primary components of a
motorcycle helmet. Multiple authors [16] [6] [8] have shown that in an impact, energy
is almost exclusively absorbed by two components: the rigid outer shell and the impact-
absorbing liner [16]. As the comfort padding crushes almost completely in an impact,
its contribution to energy absorption during an impact is almost negligible [8], although
Gilchrist et al. [6] has shown that its low stiffness causes a peak in head acceleration.
Figure 2.1: Primary motorcycle helmet components [16]
The outer shell is generally a composite or thermoplastic material ranging from
3mm to 5mm in thickness [17] and encasing the inner foam liner. The focus of this thesis,
thermoplastic shells, are commonly made of either ABS plastic or polycarbonate with
ABS shells being the most common [33]. The liner and shell components may be joined
through interference fitting, or attached with adhesive applied at a single or a few small
points [18]. In an impact, the outer shell prevents penetration of the relatively soft inner
foam liner and disperses the impact force over a wider area [32]. In addition, outer shells
absorb a portion of the impact energy: 10% to 15% in ABS shelled helmets [29].
During an impact the foam liner absorbs the majority of energy through plastic
deformation [16]. The liner generally ranges from 25mm to 40mm in thickness [6]. Ex-
panded Polystyrene (EPS) foam is almost exclusively used for foam liners although other
less common materials include polyurethane, polypropylene and polybutylene [33]. EPS
densities used commonly range from 30kg/m3 to 90kg/m3 [6].
6
2.2 Expanded Polystyrene Liner Material Behaviour
As a helmet liner, EPS is known for its low cost, light weight and excellent energy ab-
sorption capabilities [33]. These energy absorption properties stem from the cellular
micro-structure of the material as illustrated in Figure 2.2. When impacted, energy is
absorbed through bending and crushing of these cells.
Figure 2.2: Macro and micro structure of EPS showing closed cells [41]
The shape of the compressive stress-strain curve for EPS foam is presented in
Figure 2.3. Three distinct regions can be observed: an elastic region (I), a plastic region
(II) and a densfication region (III). In the elastic region, elastic bending of cell walls and
compression of gases trapped in cells occurs. This region generally only occurs for low
strains: 3% to 5% [14]. The plastic region is characterised by a large increase in strain
with only a slight increase in stress. Significant energy absorption occurs in this region as
the energy absorbed per unit volume, given by the area under the curve, is particularly
high. In this stage, plastic collapse of the closed cells occurs resulting in crushing of the
foam [14].
Once fully collapsed, compression of the cell wall constituent material occurs.
This is known as the densification region, or ”bottoming out”, and is characterized by a
steep rise in the stress-strain curve.
In compression, mechanical properties of EPS are defined by the density of the
material. Di Landro et al. [14] showed that modulus, yield strength and specific absorbed
energy increase linearly with density as in Figure 2.4.
Di Landro et al. [14] concluded that maximum energy absorption of EPS is
limited by density, with higher densities having a larger maximum energy absorption
capacity due to their increased energy absorption capacity per unit volume. Thickness
was only observed to have an effect on mechanical properties if ”bottoming out” occurred.
Under impact loads, EPS has been observed to exhibit strain-rate dependencies
by multiple authors. Crush stress, stress at 50% strain, was observed by Di Landro et
al. [14] and Liu et al. [22] to increase with increasing strain rates while elastic modulus
increased only slightly with large increases in strain rate. Chen et al. [10] performed
extensive compressive testing of EPS foam at a range of strain rates and derived two
empirical equations relating the strain rate (˙) and the ratio of dynamic stress to quasi-
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Figure 2.3: Stress-strain curve of EPS foam [14]
Figure 2.4: Density vs elastic modulus, yield strength and energy absorption per unit
volume for EPS foam [14]
static stress, the compressive dynamic increase factor (CDIF)
CDIF = 1.144 + 0.045 log(˙) for 10−3 < ˙ < 113 (2.1)
CDIF = −0.157 + 0.680 log(˙) for 113 < ˙ (2.2)
For successive unloading and reloading, such as when exposed to multiple succes-
sive impacts, EPS exhibits stress-strain curve hysteresis as in Figure 2.5.
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Figure 2.5: Hysteresis of EPS load curves [27]
In the context of materials, hysteresis can be summarized as delay on unloading of
a material resulting in the loading and unloading path not coinciding. Energy dissipation
occurs as a result of this as the energy returned on unloading, defined by the area under
the unloading curve on a force-extension graph, is smaller than the energy absorbed by
the material on loading.
Ozturk and Anlas [27] performed successive unloading and reloading of EPS foam
for constant energy absorption at each load step. They noted that for successive load-
ings, higher force was required at each load step for a constant energy absorption due to
increasing hysteresis for successive loadings. This suggests that energy absorption ability
decreases after successive loadings.
Liu et al [22] also noted a decrease in ability to absorb impact energy due to
stress-strain curve hysteresis. The authors loaded EPS specimens with compressive loads
from 10% to 50% 10 times and then performed material compressive testing. They noted
that successive loadings resulted in a decreased elastic modulus and plastic region size as
in Figure 2.6. Simulated results indicated a decrease in ability to absorb impact energy
as a result of previous loadings, with higher degradation in energy absorption occurring
with higher strain levels on previous loadings.
9
Figure 2.6: EPS stress-strain curves for repetive loading up to different strain levels [22]
2.3 ABS Outer Shell Material Behaviour
ABS is one of the most common outer shells used due to its low cost, ease of manufacturing
and high impact strength. Under impact loads, ABS behaves non-linearly with a distinct
elastic and plastic region [6] as in Figure 2.7.
Figure 2.7: Stress-strain curve for typical grade of ABS [12]
The stress-strain curve can be seen to increase approximately linearly in the
elastic region until a peak at the yield point where plastic deformation begins to occur
until break. Deformation behaviour under tension differs from compression with a higher
yield point for compression [12]. ABS also behaves isotropically, meaning mechanical
properties are the same in all directions [26].
Compared with composite shells, thermoplastic shells are generally less stiff.
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Kostopolous et al. [21] showed that for low energy impacts (< 300J), such as for drops or
knocks, the lower stiffness of thermoplastic shell helmets is advantageous as larger impact
energies are absorbed due to higher deformation of both the shell and inner liner. At
higher impact energies, the ability of composite shells to absorb energy through damage
mechanisms such as fibre breakage are an advantage [16].
Lower shell stiffness also leads to a reduced ability to distribute impact force. For
ABS shells, higher localised deformation of the shell occurs resulting in decreased impact
force distribution and higher localised deformation of the foam liner as in Figure 2.8 [6].
ABS exhibits some strain-rate dependencies, but is low for thermoplastic shells
and is largely considered negligible [6]. Mills et al.
Figure 2.8: Load distribution properties of thermoplastics (PC) verses composite shells
(FRP) [6]
2.4 Impact Testing
A number of authors have carried out impact testing on motorcycle helmets [9] [13] [18]
[22] [40]. Impact testing is commonly carried out according to national motorcycle helmet
safety standards and involves fitting the helmet to a metal head-form and then performing
a drop test onto flat or hemispherical anvils. Generally, only head-form acceleration
is recorded and discussed as peak acceleration must be below a certain level to pass
helmet safety standards [39]. Nonetheless, testing of this nature yields little information
on deformation or energy absorption mechanics of the helmet materials and requires
expensive equipment due to the destructive testing carried out on helmets.
Alternatively, drop weight impact testing is a method that has been used to
investigate material properties. An example of a drop weight impact testing device is
presented in Figure 2.9.
ASTM International defines a standard for impact testing that consists of using
an impact testing machine to impact material specimens and recording impact force and
impactor velocity. Impact energy absorption can then be calculated based off force-time
and impactor velocity data [4].
11
Figure 2.9: Example of a drop-weight impact testing machine [4]
Di Landro et al. [14] used drop weight impact testing to investigate deformation
and energy absorption mechanics of EPS foam by impacting flat samples of EPS with
polycarbonate shells with a 15.9mm diameter hemispherical striker. The author identified
relationships between foam density, thickness and peak load and amount of foam crush
by recording force-time data of impacts.
Similarly, Jackson [20] and Reiner et al. [31] utilised drop weight impact testing
to investigate material properties and energy absorption of flat plates of carbon fibre
reinforced polymer and fibre metal laminates.
Considering the advantages of drop weight impact testing in revealing the energy
absorption behaviour of materials, this type of testing was deemed an appropriate method
of investigating the effect of repetitive impacts on motorcycle helmet materials.
2.5 Numerical Methods
Extensive simulation of impact events on motorcycle helmets has been carried out in
literature. Simulation using the LS-DYNA FE code is most common due to the wide
range of material models available and its appropriateness for crash simulations [2]. A
discussion of the most pertinent LS-DYNA material models and numerical methods used
for simulation of both ABS outer shells and EPS inner foam liners are presented here,
with the purpose of justifying the selected material models and methods.
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2.5.1 Material Models
The most widely used foam model to simulate expanded polystyrene in crash applications
is the Crushable Foam model MAT063 and its modified version MAT163. Due to its ease
of calibration and accuracy in single impact events, these models are used in many studies
where the focus is primarily on simulating shell material behaviour accurately such as in
[40], [21] and [1].
The model allows accurate simulation of material behaviour for single impact
events through definition of a compressive load curve, modulus, Poisson’s ratio and den-
sity. In addition, strain rate effects can be accounted for by defining a range of curves for
various strain rates in the modified version [23].
Nonetheless, the model is not appropriate for modelling energy absorption be-
haviour after successive impacts due to lack of control over defining unloading and reload-
ing behaviour.
When accuracy in modelling unloading and reloading behaviour is important,
Croop et al [11] recommends the MAT057 Low Density Foam model. Accurate single
loading behaviour is allowed through definition of a load curve, modulus and density.
The model also allows control of loading and unloading behaviour through hysteretic
unloading factors HU and SHAPE. These variables alter the unloading and reloading
paths of the material as in Figure 2.10.
Figure 2.10: Definition of unloading behaviour using MAT057 [36]
Slik et al. [36] performed comparisons of MAT063 and MAT057 and found that
both models yielded comparable accuracies for single impact events. In addition, Ozturk
et al. [27] was able to use MAT057 to satisfactorily model energy absorption behaviour
for multiple unloading and unloading of EPS foam for use in EPS packaging applications.
Considering the advantages of MAT057 in allowing the definition of unloading
and reloading behaviour and hence, energy absorption at each load step, MAT057 was
an appropriate selection for modelling EPS foam for the applications in this thesis. One
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notable disadvantage of the model is the inability to model residual foam deformation. As
the focus of this thesis is on quantifying the energy absorption and not amount of foam
crush, this was deemed an acceptable drawback.
Within the LS-DYNA FE code, two material models are commonly used to model
ABS plastic for crash applications in literature. These are the Plastic Kinematic MAT003
model and the Piecewise Linear Plasticity MAT024 model. Liu et al. [22] and Shuaeib
et al. [35] found good agreement between experimental and simulation acceleration-
time curves when using MAT024 to model the outer shell of EPS and EPP foam liner
helmets respectively. As both of these authors found accurate values for acceleration-time
curves while using different foam liners, this implied accurate modelling using MAT024.
Similarly, Pinnoji et al. identified accurate results using the MAT003 model for two
separate applications: refinement of motorcycle helmet ventilation [30] and development
of a metal foam shell [28].
2.5.2 Impact Modelling
A number of methods have been used in literature to define contact, loading conditions
and meshing for impacting motorcycle helmets and helmet materials using the LS-DYNA
FE code. This section provides an overview of a handful of methods used in literature
when modelling helmet and helmet material impacts.
Aiello et al. [1] modelled contact between the outer shell and inner foam liner
by defining a ’tiebreak’ interface condition. This contact condition bonds the surfaces of
two solid or surface meshes and prevents any sliding or separation between the surfaces.
The bond is released when a defined stress criteria is met [2]. As liner and shell surfaces
are generally joined with interference fits and thus will tend to slide proportional to
the amount of shear force applied rather than suddenly break, this contact definition is
imprecise.
Alternatively, Pinnoji et al. [29], Fernandes et al. [15] and Mills et al. [25]
defined the bond between the outer shell and the inner liner by setting a static and
kinetic frictional coefficient between the liner and shell of 0.3 to 0.5. Fernandes et al. [15]
also used a tie contact definition at specific points between the shell and liner to fully
constrain movement to simulate the use of glue at these points.
Fernandes et al. [15] and Pinnoji et al. [29] utilised single surface contact de-
tection, otherwise known as body interaction contact detection, to prevent penetration
of surfaces. This form of contact detection is largely automatic, and checks nodes at
each solution time to attempt to prevent surface penetration. When using relatively low
stiffness materials, such as for EPS foams, this form of contact definition may experience
potential problems [2]. Bala [5] showed that when using this type of contact definition
between materials of significantly different material stiffness, such as between a shell and
liner, penetration may occur due to large deformations in the foam causing the contact
definition to release contact on nodes. He proposed an alternative method by setting a
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manual element thickness to prevent nodal release.
Impacts are generally simulated by modelling the helmet and headform just touch-
ing the anvil and applying an initial velocity to the helmet and head-form [1] [29] [22]
[21] [15]. Similarly, impacts onto material specimens is commonly simulated by setting
an initial velocity to the impactor just above the material specimen [31] [20].
Figure 2.11: Example of impact zone mesh refinement [31]
Mesh refinement in the impact zone during simulation of drop-weight impact
testing as in Figure 2.11 is often utilised [31] [20].
Mesh refinement is the process of subdividing the geometry into smaller sizes in
the area of interest. This allows higher accuracy in the area of interest while decreasing
solve times compared to having a very fine mesh over the whole geometry.
Mesh refinement in the impact area is commonly not used when simulating full
sized helmets [1] [15] [29] as the authors are interested in the full headform geometry
acceleration rather than material behaviour in the impact zone.
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Chapter 3
Experimental Impact Testing
This sections describes the experimental impact testing stage of the thesis project. The
goals, reasons for selection of experimental parameters and an overview of the experiment
theory is provided. A detailed methodology is also provided summarizing the procedures
and post processing carried out.
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3.1 Goals of Experimental Impact Testing
Impact testing was carried out on flat plates made of helmet materials. The primary goals
of this stage of the project and expected results are described as follows.
• To experimentally investigate change in energy absorption after repetitive minor
impacts on motorcycle helmet materials through impact testing. By repetitively
impacting a flat plate of EPS/ABS, it was expected to be able to observe changes
in impactor rebound velocity and thus, changes in absorbed energy.
• To verify created material models and FE model of impact testing. By experimen-
tally replicating the created FE model, it was expected that the accuracy of simula-
tion results and appropriateness of material models could be assessed by comparing
against experimental results.
17
3.2 Experimental Parameters
Prior to simulation and experimental testing, experimental parameters such as impact
energy, selection of helmet materials and material thicknesses and densities was required.
The selected experimental parameters and rationale for selection is presented in the table
below.
Parameter Selection Rationale
Inner
Liner
Material
EPS Foam As the market dominant material, EPS was selected as
representative of the most common inner liner material.
Inner
Liner
Thick-
ness
40mm In the range of common liner thicknesses, 40mm was
selected as thickness has no effect on impact absorption
behaviour unless ”bottoming out” occurs, something not
likely to occur in a minor impact.
Inner
liner
Density
VH Grade
28kg/m3 and
VVH Grade
38kg/m3
Due to lower stiffness, lower liner density specimens are
more likely to experience energy absorption degradation
from minor impacts as they are more likely to deform.
Hence, 28kg/m3 and 38kg/m3 were selected. Two
densities were tested to allow for comparisons between
different liner densities. In addition, helmets utilising
dual density foam liners commonly use lower density
foams on the exterior parts of the helmets which are
likely to be exposed to a higher number of minor impacts.
Outer
Shell
Material
ABS Plastic ABS plastic was selected as representative of the most
common helmet configuration. Also, the low stiffness of
ABS shells results in higher deformation of both the shell
and liner, increasing risk of damage.
Outer
Shell
Thick-
ness
3mm 3mm was selected for a conservative estimate of energy
absorption ability.
Minor
Impact
Energy
15J 15J was calculated as the impact energy from dropping
an average 1.5kg weight helmet from a height of 1m.
Number
of Minor
Impacts
10 Ozturk et al. [27] investigated degradation of EPS foam
after 5 impacts. Hence, some comparisons between
results can be drawn.
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3.3 Experiment Overview and Theory
Experimental impact testing consisted of impacting EPS/ABS flat plates with a 25.4 mm
diameter hemispherical striker using an impact testing machine as illustrated in Figure
3.1. Force-time data was recorded using the load cell connected to the impactor and light
gate sensors were used to track the velocity of the impactor before and after impact. The
impact machine also utilized a rebound arrestor system consisting of two consisting of
two L shaped metal brackets that turn into a down position when struck by the impactor,
ensuring that the specimen is not impacted again after rebound.
Figure 3.1: Impact machine setup and velocity calulation positions 1,2 and 3
Impact testing methodology was adapted from methods given in ASTM standards
[4] and Jackson [20]. Testing was carried out on three flat plate samples consisting of a
40mm EPS foam liner and a 3mm ABS plastic shell. One of the flat plates used a VH
grade EPS liner (28kg/m3 density) and two used VVH EPS liners (38kg/m3 density).
Flat plates were impacted with 15J impacts: the VH liner plate was impacted a total of
10 times and the VVH plates were impacted a total of 5 and 10 times respectively.
Energy absorption of the EPS/ABS flat plate specimens was investigated from
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load cell force-time data and light gate impactor velocity data. Impactor energy at any
point is given by
E = mgh+
1
2
mv2 (3.1)
where E is the total energy of the impactor, m is the total mass of the impactor and
carriage, g is gravity, h is the height of the impactor above the specimen and v is the
velocity of the impactor. Comparing total energy of the impactor directly before and after
impact on the specimen provides an estimate of energy absorbed by the system. Although
some amount of impact energy is dispersed through the boundaries and heat and sound,
the majority of energy is absorbed by the specimen in the form of strain energy and plastic
work [42].
The incoming velocity of the impactor at position 2 in Figure 3.1 is given by
vinc =
D12
t2 − t1 (3.2)
where vinc is the average incoming velocity of the impactor when passing position 2, D12
is the distance between the light gates from position 1 to 2 and t1 and t2 is the time
passing the first and second light gates respectively. Similarly, the outgoing velocity of
the impactor at position 1 after rebound from the sample is given by
vout =
D12
t1 − t2 (3.3)
The impact velocity vi, the velocity of the impactor directly before impact at
position 3, is calculated by summing impactor velocity at position 2 and velocity due to
gravitational acceleration
vi =
√
v2inc + 2gD23 (3.4)
where D23 is the distance between position 2 and 3. Correspondingly, the experimental
rebound velocity vr, the velocity of the impactor at position 3 directly after rebound, is
calculated by summing vout, and velocity due to gravity
vr =
√
v2out + 2gD24 (3.5)
Theoretical impactor velocity vt(t), where t = 0 is time of first contact with the
plate, can be calculated from the impact velocity and force time data P (t) as
vt(t) = vi −
∫ t
0
P (t)
m
dt+ gt (3.6)
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Correspondingly, impactor displacement δ(t), considering initial impactor displacement
δi, can be calculated as
δ(t) = δi + vit+
gt2
2
−
∫ t
0
(∫ t
0
P (t)
m
dt
)
dt (3.7)
The resulting energy absorption curve for the flat plate system is then given by
Ea(t) =
m(v2i − v(t)2)
2
+mgδ(t) (3.8)
3.4 Experimental Equipment and Setup
Figure 3.2 illustrates the sensor and recording equipment used as well as the connection
set-up.
Figure 3.2: Equipment and connections
In preparation for impact testing, total carriage weight with bronze masses was
measured and recorded. Carriage height was then set to result in a 15J impact energy.
Distances between the light gate sensors and from the bottom light sensor to the flat plate
sample were measured. Calibration of the oscilloscopes before testing was required, which
was carried out by performing initial impacts on a dummy plate. Trigger levels were set
just above baseline and time windows scaled to encompass the full length of impact.
Flat plate samples were prepared by applying a small amount of epoxy adhesive
at two points to join the ABS outer shell and EPS liner, similar to the joining method
used for most motorcycle helmets [6].
3.4.1 Experimental Procedure
To ensure near identical repetitive impacts and to reduce sources of error, a prescriptive
experimental procedure was followed for each impact. This procedure is outlined as
follows:
1. The rebound arrestor arms were lifted into position and clipped into place using
metal clips.
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2. The flat plate specimen was placed into position and secured with wooden wedges
to ensure no axial movement.
3. Impactor was checked to ensure it was securely tightened into load cell. This was
to ensure no loosening of the impactor from the load cell occurred which may have
affected results.
4. The Rigol Oscilliscope was set to single capture mode and the Tektronix Oscilliscope
set to run mode.
5. The release pin was removed to initiate the drop impact event.
6. Data from both oscilliscopes was captured onto the computer.
This procedure was repeated for all flat plate samples for 10 impacts on the VH
foam liner plate, and 5 and 10 impacts on the two VVH foam liner plates respectively.
3.5 Impact Data Post Processing
Data from impact testing was collected in the form of voltage-time data from both the load
cell and the light gate sensors. As such, post processing of the data was required in order
to extract impactor force-time plots and velocity data. This processing was automated
through the creation of a Matlab code. A descriptive outline of the created Matlab code
is provided here while the full Matlab code can be viewed in Appendix A.
To obtain force-time plots, raw data from the captured excel files was imported
into Matlab. Voltage data was converted to Newtons by scaling according to the Dytran
1050V6 load cell sensitivity. The data was then sectioned to only include the impact event
by using the Matlab find function to identify when the recorded voltage was above zero
and sectioning the data at the impact start and end points.
Experimental impact and rebound velocities were calculated from light gate tim-
ing data. The steepest rises in voltage data, indicating the impactor triggering the light
gate sensor, were automatically located using the Matlab min, max and diff functions.
Incoming, impact and rebound velocity were calculated according to Equations 3.4 and
3.2.
Equations 3.6, 3.7 and 3.8 were implemented into the Matlab code using for
loops. Velocity, displacement and energy at each time was calculated using trapezoidal
integration through the use of the trapz Matlab command as recommended in ASTM
standards [4]. To reduce run times, data was indexed to only include every 10th point.
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Chapter 4
Material Model Calibration and
Mechanical Testing
To accurately model the experimental impact testing carried out in the previous chapter,
calibration of material models to represent the EPS foam and ABS outer shell was critical.
This section describes the mechanical testing as well as the calibration process used to
ensure simulated material behaviour was accurate.
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4.1 Material Mechanical Testing
Material mechanical testing was carried out on EPS foam specimens of the same grade
used in impact testing in order to obtain stress-strain data for implementation into the
material models used.
During mechanical testing, two different load types were used: a single compres-
sive load cycle to obtain mechanical properties, and a cyclic loading to obtain hysteresis
data. Single compressive loading method was adapted from ASTM standards [3] while
method for cyclic loading load type was adapted from Meinecke and Schwaber [24].
4.1.1 Equipment and Materials
To perform mechanical testing, the following materials were used:
• 60mm x 60mm x 40mm VH Grade EPS Foam Specimens (x3)
• 60mm x 60mm x 40mm VVH Grade EPS Foam Specimens (x3)
• Instron 5584 Electromechanical Test Frame
• 10kN Load Cell
• Metal Compression Platens (x2)
• Scales
• Callipers
4.1.2 Procedure
To perform mechanical testing of the EPS specimens, the following procedure was used:
1. Specimen dimensions and weights were recorded. This was to ensure strains and
specimen densities could be calculated accurately.
2. To perform cyclic loading for hysteresis data, a jigsaw cyclic loading profile was
selected on the Instron software to ensure instant reversal of the crosshead after
reaching the set displacement. Crosshead speed was set to 4mm/min and maximum
displacement was set to 4mm.
3. The VH foam specimen was then placed in between the compression platens and
cyclic loading initiated through the Instron software.
4. After the crosshead returned to the initial position, the load curve was recorded.
5. The specimen was removed and residual deformation of the specimen was measured
and recorded.
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6. Maximum crosshead displacement was then set to 8mm.
7. The specimen was placed back in between the compression platens and compression
started again.
8. This was repeated for increments of 4mm maximum displacement until a maximum
crosshead displacement of 28mm was reached.
9. To perform single compressive loading, an uncompressed VH foam specimen was
placed between the compression platens.
10. Crosshead maximum displacement was set to 36mm and compression initiated.
11. The load curve was then recorded.
12. Single loading was repeated for a total of two specimens.
13. This procedure was repeated for the VVH foam specimens.
4.1.3 Post Processing of Testing Data
Post processing of the obtained load-extension data was carried out to obtain stress-
strain curve data as well as force and energy absorbed at each load step. Stress-strain
data was calculated according to ASTM standards [3] by using measured specimen size
and thickness.
Energy absorption was calculated for each load step of cyclic loading using the
matlab trapz command.
4.1.4 Material Mechanical Testing Results
Mechanical testing for both EPS foam densities 28kg/m3 (VH) and 38kg/m3 (VVH)
yielded load curves shown in Figure 4.1 and 4.2 below. As expected, both curves demon-
strated three distinct regions of the stress strain curve: the elastic, plastic and densification
regions. In addition, the hysteresis of unloading and reloading curves can clearly be seen
for each cycle for both foam densities. For each successive reloading of the specimen, the
initial rise in the stress occurs at a later strain than the previous loading step due to
residual deformations of the foam from the previous loading step. The decrease in elastic
stiffness for successive load steps observed in studies by [27], [22] and [24] can also be
seen.
Force and energy absorbed at the time of unloading for each load step is presented
in Tables 4.1 and 4.2 below.
25
Figure 4.1: Stress-strain curves for VH (28kg/m3) EPS foam specimen
Figure 4.2: Stress-strain curve for VVH (38kg/m3) EPS foam specimen
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Table 4.1: Force and absorption at unloading for VH EPS
Strain Force at Unloading (N) Energy Absorbed at Unloading (J)
10% 539.04 1.3103
20% 630.9 2.4052
30% 713.52 3.0729
40% 797.53 3.5878
50% 892.78 4.0573
60% 1027.9 4.6797
70% 1245.8 5.5540
Table 4.2: Force and absorption at unloading for VVH EPS
Strain Force at Unloading (N) Energy Absorbed at Unloading (J)
10% 963.79 2.654
20% 1103.0 5.0534
30% 1223.0 6.0436
40% 1344.9 6.9283
50% 1493.4 7.9162
60% 1697.8 8.8964
70% 2051.4 10.3914
27
4.2 Material Model Calibration Overview
Variable Description
MID A unique material ID for the material model
RO Mass density of the material
E Elastic modulus of the material
LCID The Load Curve ID for the load curve describing the stress-strain curve of
the material.
TC The tension cut-off stress, this defines the stress the material fails at in
tension.
HU The hysteretic unloading factor defining the unloading and reloading
behaviour of the material as explained in Section 2.5.1
BETA A decay constant used to model creep in unloading. This sets a time
dependent decay on the reloading curve.
DAMP The damping factor of the material. Setting this applies a viscous
coefficient to the model to model damping effects.
SHAPE The shape factor for unloading. This alters the shape of the unloading
curve as explained in Section 2.5.1
FAIL A failure option for when tensile cut-off stress is reached.
BVFLAG Bulk viscosity activation, this applies a rate dependent pressure
ED An optional young’s relaxation modulus for rate effects.
BETA1 Optional decay constant
KCON Allows definition of contact interface stiffness
REF Allows the stress tensor to be initialized using reference geometry
The material card variables for MAT057 (Low Density Foam) as well as a de-
scription is presented in the table above. These variables define the behaviour of the
simulated materials. Emphasis was placed on defining the hysteretic unloading and shape
factors HU and SHAPE accurately, as these factors were identified as governing hysteretic
unloading and reloading behaviour and hence, the energy absorption behaviour.
The method outlined by Ozturk and Anlas [27] was adapted to calibrate these
variables. This process involved the creation of a FE model simulating the cyclic mechani-
cal testing previously carried out and matching the simulation results for force and energy
absorbed at unloading with experimental results. The goal of calibration was to mini-
mize the error between simulated and experimental results by minimizing the following
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objective functions:
min
x∈R
7∑
i=1
(Ee − Es)2 (4.1)
min
x∈R
7∑
i=1
(Fe − Fs)2 (4.2)
Equations 4.1 and 4.2 describe the residual sum of squares between experimental
(Fe) and simulated force (Fs) and experimental (Ee) and simulated energy absorbed (Es).
As quantitative information on the effect of these variables is not available in any of the
LS-DYNA manuals [2] [23] [19], an iterative approach was used as outlined in Figure 4.3.
Initial HU and SHAPE factors were set as 0.1 and 25 as recommended in [7]. HU factors
were iterated through and the effect of this variable on objective functions observed. Once
the bounds containing the solution were found, the effect of SHAPE on the objective
functions was observed by iteration.
Figure 4.3: Flow chart of calibration process
4.3 Calibration Modelling Methodology
The following section describes the modelling methodology used when performing the
calibration process. FE modelling was performed using the Ansys Workbench for pre and
post processing and solved using the LS-DYNA FE code. This was done by using the LS-
DYNA Workbench extension that allowed interface between Workbench and LS-DYNA.
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4.3.1 Analysis System
To ensure results of the calibration carried out in the calibration FE model could be
applied to the impact testing FE model, the same analysis system, Workbench LS-DYNA,
was used. The user interface is presented in Figure 4.4.
Figure 4.4: Workbench LS-DYNA analysis system interface
4.3.2 Geometry Creation
The first step in creating the FE model to calibrate the selected material model was the
creation of geometry. Solidworks was used to create a suitable geometry for representing
the cyclic mechanical testing carried out previously. Figure 4.5 illustrates the model
geometry consisting of two simple square extrusions to represent the compression platens,
and an extruded cube shape to represent the EPS specimen. Measured dimensions for the
specimens used in mechanical testing were used to define the size of the EPS specimen
model. Platen geometry was modelled as square extrusions as this allowed an all quad
mesh type to be used for an even mesh.
Figure 4.5: Calibration geometry in Solidworks
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The created geometry was imported into the Design Modeller and generated using
the Import External Geometry File function.
Figure 4.6: Importing geometry into Ansys Design Modeller
4.3.3 Material Model
To account for strain-rate effects in the EPS, a CDIF was manually applied to the exper-
imental load curves using Equation 2.1. The dynamic stress load curve was calculated by
multiplying the obtained stress by a 1.165 CDIF.
Implementing the obtained experimental load curves into the MAT057 material
model required the use of an LS-DYNA keyword snippet. To input the stress-strain
data in the correct format into a keyword snippet, LS PrePost was used. The following
procedure describes the process used to prepare the load curve keyword snippet.
1. The stress-strain data was cut to only include the loading curve for the single-
compressive load cycle. The data was then saved as a CSV file.
2. The keyword manager in LS PrePost was used to process the stress-strain data.
This was accessed under Model and Part and then Keyword Manager as in Figure
4.7.
3. The DEFINE CURVE keyword was edited by setting the LCID as 23 and importing
the stress-strain data by using the Load XYData tool. The LCID number allows
the load curve to be identified and used by the material model card.
4. The keyword was then exported using the Save Keyword As.. function.
The load curve was then implemented into the created FE model by inserting the
formatted keyword snippet. Other material properties were also defined. The following
procedure describes the process used.
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Figure 4.7: Formatting of load curve keyword snippet using LS PrePost
1. An LS-DYNA keyword snippet was inserted under the Workbench LS-DYNA (A5)
branch. The load curve keyword snippet was then imported by selecting the keyword
snippet and selecting Import.
2. Under the Geometry tree, the stiffness behaviour of both the Top and Bottom Platen
was set to Rigid as in Figure 4.8. Material assignment was left as structural steel
as rigid behaviour will overwrite material assignment. Rigid behaviour was used as
compression platen stiffness was significantly higher than that of the EPS specimen
and would deform a negligible amount . Rigid behaviour for the platens also allowed
reduced simulation times.
3. The MAT057 model was applied to the EPS foam specimen by inserting an LS-
DYNA keyword snippet under the EPS geometry tree. Initial material model vari-
ables were manually input into the format as presented in Figure 4.9. As recom-
mended by Bala [5], damp of 0.5 was set to ensure solution stability. Density and
modulus were set according to properties obtained from mechanical testing while
tensile cut-off stress was set as a non-zero value as recommended in [19].
32
Figure 4.8: Definition of rigid stiffness behaviour
Figure 4.9: LS-DYNA material model card format
4.3.4 Contact Regions
Contact regions were defined using Body Interaction contact as in Figure 4.10 rather than
defining specific contact regions. This allowed automated contact detection and reduced
complexity of contact definitions while only causing minor increases in CPU times. As
Body Interaction contacts were defined, the automatically created Contacts folder was
deleted as contact was already fully defined by body interaction contact.
Frictional contact type was selected which allowed the contacting faces to carry
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Figure 4.10: Body contact definitions
shear stresses before sliding occurred. This contact type was selected to ensure sliding
of the EPS specimen between the platens due to compression did not occur. Coefficients
were set to 0.3, as this is a conservative high friction coefficient also used in [27]. Solid
element thickening was also implemented as recommended by [5], by inserting a Contact
Properties tool and increasing Optional Solid Element Thickness to 1.1mm. This was
done to prevent nodal penetration.
4.3.5 Analysis Settings
As experimental compression testing was carried out at low strain rates of 10%/min,
load cycles took up to 14 minutes to complete. Setting a solution end time to reflect
experimental strain rates resulted in unacceptably long simulation times of 32 days.
For long simulation times, LS-DYNA recommends use of the Automatic Mass
Scaling function to increase the time step used in order to reduce simulation times. This
function scales up the mass of smaller elements in order to increase the stability time step.
It was found that increasing the time step size to an appropriate size resulted in excessive
mass scaling and an unstable solution. Instead, a strain rate equal to the strain rate in
impact testing was used during simulation so that an End Time of 0.3584 seconds could
be set. This was deemed appropriate as it allowed calibration of the material model to
the same strain rate used in the impact testing FE model.
Under Output Controls, Calulate Results At was set to 100 Equally Spaced Points
and results for Time History Output Controls was set to 1000 Equally Spaced Points. This
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was done to increase the resolution of results files.
4.3.6 Boundary Conditions
To replicate experimental conditions, several boundary conditions were imposed on sim-
ulation geometry. A Fixed Support constraint was scoped to body of the Bottom Platen
which constrained all degrees of freedom for the Bottom Platen to simulate a fixed bottom
platen.
A Rigid Body Constraint constraining all degrees of freedom except the Y com-
ponent was scoped to the Top Platen to prevent rotation and lateral movement of the
platen.
4.3.7 Loads
To simulate the loads imposed on the EPS specimen during testing, a Displacement load
was applied to the top platen. This allowed the displacement of the Top Platen relative
to the initial position to be set as a function of time. The procedure below outlines how
the displacement load was defined.
1. The Displacement load was inserted under the Workbench LS DYNA (A5) tree.
2. The load was scoped to the body of the Top Platen by selecting body selection filter
and selecting the Top Platen geometry.
3. The Y displacement component was set by selecting the Y component and choosing
Tabular
4. Tabular data for displacement verses time was input in the cells. A graphical rep-
resentation of the Top Platen displacement verses time is shown in Figure 4.11.
Figure 4.11: Plot of defined displacement load
4.3.8 Mesh Definition
Geometry was meshed using 5mm quad meshing as in Figure 4.12.
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Figure 4.12: Geometry meshing
4.3.9 Solution Definition
Figure 4.13 illustrates the results files defined to record the contact forces on the platen,
energy absorbed by the EPS specimen and the displacement of the Top Platen. The Body
Contact Force was scoped to the top platen and set to Resultant to provide the force on
the specimen. The Material Output was scoped to the EPS specimen and set to Internal
Energy to record the energy absorbed by the specimen. Finally, the Nodal Output was
scoped to a node on the top platen to track the displacement.
The Body Contact Force and Nodal Output required a Body Contact Tracker and
Result Tracker tool to be inserted under the Workbench LS-DYNA(A5) tree.
Figure 4.13: Defined results files
4.3.10 Results Post Processing
To evaluate the objective functions and assess the effect of variables HU and SHAPE on
the accuracy of simulated peak forces and energy absorption, post processing was required.
This was achieved using a created Matlab script that evaluated LS-DYNA results files
and exported the results for the objective functions. A qualitative summary of the script
will be provided here with the full Matlab script available in the appendix.
The first step in post processing was to export the results for both Body Contact
Force and Material Output into excel workbook format. To evaluate the force objective
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function, the user inputs the Body Contact Force filename into the Matlab script. The
script then uses the findpeaks function to identify peak forces and calculate the objective
function.
Similarly, to evaluate the energy absorption objective function the user inputs the
filename into the Matlab script file. As the energy absorbed at each load step is not the
peak of the energy vs time plot but rather the local minima between loadings, a different
approach was used. To find the local minima, the data was inverted and summed with
the maximum energy level producing a plot with the previous minima as peaks. The
script then evaluated the location of these minima as in Figure 4.14 and calculated the
objective function.
Figure 4.14: Plot of energy absorbed verses time for the EPS specimen with the energy
absorbed at each loading step identified by Matlab in red
4.4 Calibration Results
Once the calibration FE model was created, iterative calibration was carried out. This
section provides an overview of the results of the calibration.
Figure 4.15 below illustrates the results of changing HU while keeping SHAPE
constant at 25. A trend is clearly seen in decreased force peak error and increased energy
absorption error for increasing HU.
Increasing HU also resulted in inaccurate unloading behaviour. This can be seen
in the comparison between the experimental and simulated load-displacement graphs for
0.001 HU and 0.4 HU in Figure 4.16. In addition, the majority of simulations modelling
foams in LS-DYNA utilised a low HU below 0.1 as in [38], [27].
Consequently, a HU of 0.001 was selected as this produced a realistic unloading
curve while still minimizing energy absorption error. The SHAPE variable was then
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Figure 4.15: Plot of HU vs error for force peaks and energy absorbed
Figure 4.16: Comparison of load-displacement for HU=0.001, HU=0.004 and experimental
results for final load step
optimised by iterating through values of SHAPE and evaluating the objective functions.
The results are presented in Figure 4.17.
A clear trend can be observed in the SHAPE vs error for force peaks with an
increase in error with increasing SHAPE. Conversely, energy absorption error decreases
with increasing SHAPE up to a minimum error at approximately SHAPE=15 and then
begins to increase. Although error in energy absorption may be minimized by selecting
SHAPE=15, the slope in the trend line is small around the location of the minimum. As
such, SHAPE=13 was selected as this reduced error in the force peaks significantly while
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Figure 4.17: SHAPE vs error for force peaks and energy absorbed
still maintaining a low energy absorption error.
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4.5 Material Model Results
The final material cards used in the impact testing FE model are presented in Figures
4.19 and 4.18. ABS plastic values were based off literature values obtained in [12] and
[35]. KCON was modified in order to produce more realistic contact behaviour.
Figure 4.18: EPS material card
Figure 4.19: ABS material card
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Chapter 5
Impact Testing FEA
The FEA stage of the project involved simulating the experimental impact testing carried
out in the previous section. This chapter outlines the processes and method used in
creating this.
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5.1 Modelling Overview
To validate the calibrated material model and to analyse the effects of repetitive minor im-
pacts on the energy absorption capacity of helmet materials, a FE model of the EPS/ABS
flat plate impact testing was created. FE modelling carried out in this stage also utilised
the Ansys Workbench and LS-DYNA extension.
5.2 Geometry Creation
Figure 5.1 illustrates the created geometry used in simulation. A 300mm x 300mm x
40mm square extrusion was modelled for the EPS foam liner and a 300mm x 300mm
x 4mm square extrusion for the ABS outer shell. The striker was modelled as a half
hemisphere just touching the centre of the plate. Geometry was created in Solidworks
then imported into the Ansys Design Modeller using the Import External Geometry File
function.
Figure 5.1: Impact testing geometry
5.3 Material Models
Similar to the calibration FE model, the MAT057 material model was implemented by
inserting the material card keyword snippet under the EPS Foam Liner geometry tree.
MAT024 was implemented into the ABS Outer Shell geometry. The load curve keyword
snippet creted in the calibration FE model was inserted under the Workbench LS-DYNA
tree. For materials that experience a high amount of deformation such as foams, element
distortion may occur and LS-DYNA may report a negative volume error. To prevent
this, the exponential stiffness increase that occurs as a result of ”bottoming out” must
be captured. Hence, extrapolated load points were manually input into the inserted load
curve keyword snippet as in Figure 5.2.
Impactor material was kept as structural steel and the stiffness behaviour set
to Rigid. This allowed for a reduction in solution times. Instead of creating a realistic
impactor volume to replicate the experimental impactor mass, the density of structural
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Figure 5.2: Insertion of stress-strain points in load curve keyword snippet to prevent
negative volume errors
steel was set so that the resulting mass of the impactor was 2.5kg. Figure 5.3 shows the
density properties used for structural steel.
Figure 5.3: UI showing alteration of structural steel density
5.4 Contact Regions
Two contact types were implemented into the model. A frictionless Body Interaction
contact was inserted and scoped to the ABS Shell and the impactor. A Frictional Contact
was defined and scoped to the surfaces between the ABS Shell and EPS Liner with a
dynamic and static coefficient of 0.3. To eliminate surface penetrations, two Contact
Properties were defined under the Workbench LS-DYNA (A5) tree as in Figure 5.4. Solid
element thickness was increased to 1.1mm as recommended by Bala [5] as this prevents
LS-DYNA from releasing nodes when excessive penetration occurs.
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Figure 5.4: Contact property definitions
5.5 Constraints and Loads
Birth and Death and Velocity loads were used to impact the flat plate model a total of
ten times. The Birth and Death tool allows the definition of a load ”birth” and ”death”
time while the Velocity load applies a step velocity to the scoped geometry. A total of ten
Velocity loads were inserted, with one being applied under Initial Conditions. Nine Birth
and Death tools were also defined. Velocity birth and death times were determined by an
initial run of the simulation and observing the time at which the impactor returned to
initial position. Birth and Death tools were then scoped to each Velocity load. Velocity
magnitude was set to 3.4641m/s to result in 15J of impact energy.
5.6 Meshing
Figure 5.5 illustrates the mesh refinement implemented into the model. As in [31], mesh
refinement in the impact area was used to decrease total solve times by reducing com-
putation for elements not involved in the impact. Mesh sizing outside the impact area
was set to 20mm by setting the Element Size under the Mesh tree. To implement mesh
refinement the following procedure was followed.
1. Mesh refinement required splitting both material layers into two faces to define the
approximate boundary for the impact zone. In the Ansys Design Modeller, a 0.15m
diameter circle was sketched onto the top surfaces of both the ABS Shell and the
EPS Liner.
2. Two Face Split tools were then inserted and applied to the sketches, splitting the
faces of both layers as in Figure 5.6.
3. In Ansys Mechanical, mesh refinement was applied by inserting a Body Sizing tool
under the Mesh tree.
4. A mesh refinement Sphere of Influence was then defined by setting the Body Sizing
variables as in Figure 5.7.
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Figure 5.5: Mesh refinement in impact zone
Figure 5.6: Geometry face splitting used to implement mesh refinement
Figure 5.7: Sphere of Influence setting used for mesh refinement
5.7 Solution Definition
Several Result Tracker tools were used to obtain data from the impact testing simulation
as illustrated in Figure 5.8. Impact force-time data was obtained from the Contact Force
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result tracker. The use of this tracker required a Body Contact Tracker which was inserted
under the Workbench LS-DYNA tree and scoped to the impactor geometry. The Contact
Force result tracker was then defined as in Figure 5.9 and scoped to the impactor geometry.
Material Output 2 and 3 were scoped to the ABS Shell and EPS Liner respec-
tively. Both result tracker tools were set to Internal Energy which allowed the total
absorbed energy for each material layer to be tracked.
Finally, the displacement of the impactor was tracked using the Nodal Output
result tracker. This tracker required a Result Tracker to be inserted under the Workbench
LS-DYNA tree which was scoped to a node on the impactor. The Nodal Output tracker
was then scoped to the same node and set to Z Displacement in order to track the
displacement of the impactor.
Figure 5.8: Defined Result Tracker tools
Figure 5.9: Defining the Contact Force result tracker
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Chapter 6
Results and Discussion
Results for both experimental and simulated impact testing are covered in this chapter.
In addition, a comparison and discussion of results is given.
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6.1 VH Foam Liner Plates Experimental Impact Test-
ing Results
The experimental force-time plots for ten successive impacts on ABS/EPS flat plates with
VH foam liners of 28kg/m3 density is presented in the figures below with the first five
impacts presented in Figure 6.1 and the next five in Figure 6.2.
Figure 6.1: Force-time plots for five of ten impacts on VH liner flat plate
Figure 6.2: Force-time plots for 6-10 impacts on VH liner flat plate
Variation in peak forces for impacts 2-10 was minimal, ranging from 3304.3N at
impact 2 to 3424.9 at impact 7. Impact 1 had a significantly lower peak force of 2942.6N,
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10.9% less than the impact 2. The increased peak forces and loading curve slope after the
first impact suggest an increased impact area stiffness after impact 1. Increased stiffness
is likely the result of EPS liner densification in the area of the impact as well as work
hardening occurring on the ABS outer shell. After the impact densification was observed
in the impact area as in Figure 6.3.
Figure 6.3: Foam crush after impact
Velocity data is presented in Table 6.1 below. Due to data recording issues,
velocity data for impact 3 was not recorded and has been omitted from the results.
As described in Section 3.5, incoming and outgoing velocities were calculated
according to the time taken to trigger light gate sensors. From this, experimental rebound
velocity vr was calculated by summing outgoing velocity and velocity due to gravitational
acceleration. A theoretical velocity vt was also calculated from Equation 3.6 and evaluated
at rebound time to yield a theoretical rebound velocity vt(rebound). The results show that
based off the amount of force produced by the impact, the rebound velocity should have
been significantly faster than the rebound velocity calculated from the outgoing velocity at
the light gates. The difference between vr and vt(rebound) ranges from a maximum over-
prediction of 32.7% at impact two to 24.9% at impact 9. This consistent over prediction
indicates the presence of a systematic error. As described in Section 3.3, the impact
machine utilises a rebound arrestor system. As the rebound arrestor system is located
after the light gates and hence after impactor velocity is recorded, it is hypothesised that
the use of this system induced significant frictional effects on the impactor just before and
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Table 6.1: Velocity data for 10 impacts on VH foam liner plate
Im-
pact
Incoming
Velocity
Outgoing
Velocity
Impact
Velocity
Experimental
Rebound Velocity
vr
Theoretical Rebound
Velocity vt(rebound)
1 3.243 1.281 3.556 1.941 2.595
2 3.174 1.613 3.494 2.175 2.885
3 n/a n/a n/a n/a n/a
4 3.209 1.725 3.525 2.259 2.926
5 3.243 1.735 3.556 2.267 2.896
6 3.279 1.735 3.589 2.267 2.862
7 3.243 1.715 3.556 2.251 2.918
8 3.279 1.745 3.589 2.274 2.878
9 3.279 1.798 3.589 2.315 2.891
10 3.316 1.735 3.622 2.267 2.852
after impact, reducing the actual rebound velocity of the impactor.
Energy absorption data is presented in Table 6.2.
Table 6.2: Energy absorption data
Impact Peak Energy Absorbed Energy
1 16.15 7.46
2 15.65 4.97
3 n/a n/a
4 15.93 4.94
5 16.22 5.46
6 16.49 5.95
7 16.21 5.29
8 16.51 5.89
9 16.53 5.82
10 16.85 6.43
Peak energies were slightly higher than the intended impact energy of 15J with
the maximum peak energy occurring at impact 10 with a peak energy level of 16.85J. This
is inconsistent with previous testing carried out on the same impact machine by Jackson
in [20], as peak energy levels found in this paper were less than theoretical energy levels
with frictional losses being cited as the main reason for this. However, the author did not
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consider the additional velocity from the distance between the light gate and the specimen
as in Section 3.3 which would have resulted in an underestimation of both impact velocity
and peak energy levels.
As a result, data from peak energies and light gate velocities indicate negligible
frictional losses from the track between release point and the light gate, as impact energy
levels were only slightly overestimated.
Figure 6.4: Number of impacts vs energy absorption % for VH liner plates
Figure 6.4 suggests a significant decrease in energy absorption capacity after the
first impact with a decrease from 46.19% to 31.74% from impact 1 to 2. This is consistent
with the force-time plots obtained as the lower force peak and decreased area under the
curve indicated increased energy absorption for impact 1. This suggests that after the first
impact, EPS densification and plastic deformation in the ABS shell may have reduced the
ability of the materials to absorb energy. From impacts 2 to 9, energy absorption level
remains relatively stable at an average of approximately 35% only differing by a maximum
of approximately 5%.
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After impact 2, variation in energy absorption percentage appears to be related
to the peak impact energy imparted to the sample, as above trend impacts all had slightly
higher peak impact energies than those below trend. Figure 6.5 supports this as a slight
positive linear relationship between the percentage energy absorption and peak energy is
seen for impact testing on all the plates carried out. This may be due to an increased
ability to absorb energy for higher impact energies due to a higher proportion of EPS cells
crushing rather than elastic cell wall bending.
Figure 6.5: Peak Energy vs Energy Absorption
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6.2 VVH Foam Liner Plates Experimental Impact
Testing Results
Impact testing was carried out on VVH foam liner plates with a density of 38kg/m3.
Testing was carried out on two flat plate specimens: one impacted with 5 impacts and
the second with 10 impacts.
Figure 6.6: Force-time plots for 5 impacts on VVH liner flat plate
Figure 6.7: Force-time plots for impacts 1-5 of 10 impacts on VVH liner flat plate
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Figure 6.8: Force-time plots for impacts 6-10 of 10 impacts on VVH liner flat plate
Figures 6.7, 6.6 and 6.8 show similar force-time curve shapes to those seen in VH
foam liner plates. As expected peak forces are higher due to the increased density and
stiffness of VVH foam. Force peaks and impact length were consistent for both 5 and 10
impact plates with peak forces reaching 4343N for the 10 impact plate and 4434N for the
5 impact plate . Similar to VH liner plates, there is a significant difference in peak force
and load curve shape for the first impact compared to successive impacts with a decreased
peak force and load curve slope.
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Figure 6.9 displays the same energy absorption degradation after impact 1 seen
in VH foam liner plates with a significant decrease in percentage absorbed energy from
61% at impact 1 to 47% at impact 2 for the 5 impact plate and 48% to 33% for the 10
impact plate. Distinct from VH foam liner plates, energy absorption degradation appears
to continue after impact 1 with a further decrease in energy absorption percentage from
impact 2 to 3 from 47% to 34% for the 5 impact plate. A continued downward trend for
impacts 1 to 5 can also be observed for the 10 impact plate. Energy absorption degradation
also appears to taper off after impact 3 in the same manner as the lower density foam
plates. It it interesting to note that tapering to a constant energy absorption level occurs
at a lower energy absorption level than for VH liner plates: an average of 28%. These
trends suggest that for 15J impacts, energy absorption ability may degrade at a slower
rate, yet to a higher degree, for higher density foam liner plates.
Figure 6.9: Energy absorption vs impact number for VVH plates
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6.3 Comparison to FE Model
A comparison between force-time plots obtained from the created impact testing FE model
and experimental values for 10 impacts on the VH foam line plate is presented in Figure
6.10.
Figure 6.10: Force-time comparison between FEA and experimental results VH plates
The created FE model shows consistent under prediction of peak forces with an
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error ranging from 19.26% for impact 10 to 29.47% for impact 1. This is opposite to the
usual trend of FE model over predication [31]. This is most likely due to inaccuracies
in modelling the loading and unloading speed of the EPS foam. This is indicated by
the decreased steepness of the unloading curve when compared to experimental values.
Increasing the speed of unloading may increase the accuracy of the force peak, although
this limitation is built into the MAT057 material model as little difference in speed of
unloading is observed for HU values smaller than 0.001. As a result, impact time also
appears to be slightly over predicted due to the increased unloading time.
The model predicts impact loading well, particularly the increase in loading curve
and decrease in area under the curve after the first impact observed for both VH and VVH
liner plates. Figure 6.11 presents the percentage absorbed energy verses impact number
for experimental verses simulated results.
Figure 6.11: Comparison of simulated vs experimental results for % energy absorption of
VH liner plates
The model shows high accuracy for the first two impacts but overestimates degra-
dation of energy absorption ability for impacts 3 to 10. Experimental energy absorption
percentage appears to taper off to a constant level after the first impact at approximately
35% while simulated values taper off at an average of approximately 17%. Additionally, a
small continued downward trend in energy absorption percentage is present for the simu-
lated values, likely indicating continued energy absorption degradation. This is supported
by trends seen in simulated rebound velocities as in Figure 6.12.
The relationship between velocity and energy absorption can clearly be seen with
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Figure 6.12: Comparison of simulated vs experimental results for rebound velocity of VH
liner plates
identical but opposite trends seen for both experimental and simulated rebound velocities.
Experimental rebound velocity appears to remain relatively constant after impact 2 while
simulated velocity continues to increase.
In addition, to slightly inaccurate loading and unloading speeds, underprediction
in absorbed energy is most likely also due to unrealistic shell material behaviour. During
simulation, energy absorption by the shell was almost 0% for all impacts and no level of
deformation was observed in the shell. This is unrealistic as conventionally, 10-15% shell
energy absorption is expected. In addition, a small amount of deformation was observed
after experimental testing.
A comparison between simulated and experimental force-time plots for VVH liner
plates is presented in Figure 6.13.
Compared to force-time plots obtained for VH liner plates, the model shows re-
duced accuracy for VVH liner plates. Similar to the results for VH liner plates, consistent
under prediction of force peaks is present. Error in simulated results ranges from a max-
imum of 35.74% at impact 7 to a minimum of 27.66% at impact 1, significantly higher
than for simulation of VH liner plates. Inaccuracies in loading behaviour can also be
observed. Simulated loading and unloading slopes are significantly less steep than ex-
perimental values, indicating inaccuracies in modelling material stiffness. This reduced
accuracy suggests the MAT057 material model may not be appropriate for modelling
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Figure 6.13: Force-time comparison between FEA and experimental results VVH plates
densities higher than 28kg/m3 as the unloading speed, controlled primarily by the HU
variable, is not able to be increased any further to match the increased stiffness.
A comparison between energy absorption percentage for simulated and experi-
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mental values for VVH liner plate is presented in Figure 6.14.
Figure 6.14: Comparison of simulated vs experimental results for % energy absorption of
VVH liner plates
Simulated percentage energy absorption values appear to be almost identical to
those of VH foam liner plates suggesting density has only a small effect on the energy
absorption of the material models used. Similar to VH plates, the energy absorption of the
first two impacts is predicted satisfactorily, but successive impacts are under predicted.
The tapering off energy level is closer to experimental values, but this is the result of
experimental values decreasing rather than the model changing to match experimental
values.
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Chapter 7
Conclusions and Recommendations
The aim of this thesis was to investigate the effects of repetitive minor impacts on the
energy absorption ability of ABS outer shells and EPS foam liners; materials commonly
used in motorcycle helmets. Experimental drop-weight impact testing was carried out on
flat plates of these materials to determine the energy absorption behaviour after successive
impacts. A FE model of the impact testing was created and material models for each
component calibrated. Analysis and evaluation of the created FE model compared to
experimental values was carried out.
A few conclusions can be drawn from the results of this investigation. Energy
absorption degradation appears to be most significant on the first impact on flat plates of
ABS/EPS. This trend was observed for both densities of foam with a significant decrease
in percentage energy absorption after the first impact. Energy absorption then appears to
taper off and remain stable at a constant level. Additionally, higher density foam appears
to require multiple impacts in order to reach this stable level but energy absorption ability
degrades to a lower level than for lower density foams.
The created impact testing FE model shows good accuracy in terms of energy
absorption and peak force for the first 3 impacts on 28kg/m3 density liner plates but over
predicts degradation in energy absorption ability. Material behaviour for the ABS outer
shell also appears to be unrealistic with deformation and energy absorption in the model
being underpredicted. Material behaviour accuracy of the material model MAT057 also
appears to decrease significantly with increasing density as the model is not able to model
the stiff loading and unloading behaviour of these foams.
From these conclusions a number of reconsiderations may be made for the con-
tinuation and improvement of this thesis.
1. Investigation into degradation of energy absorption of helmet materials through
repetitive impact testing on full-size motorcycle helmets.
2. Investigation of alternative material models that are able to successfully model the
energy absorption degradation of both ABS shells and EPS liners.
3. Investigation into the effects of previous minor repetitive impacts from drops or
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knocks on motorcycle helmet performance during a crash.
4. Investigation of other helmet materials such as composite shells or polyurethane
liners.
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Appendix A
Impact Testing Post Processing
Matlab Code
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A.1 Light Gate Velocity Data Processing
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A.2 Load Cell Force-Time Data Processing
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A.3 Displacement, Velocity and Energy Profiles
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Appendix B
Calibration Post Processing
B.1 Post Processing Matlab Code
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